Algal toxins may accumulate in fish and shellfish and thus cause poisoning in consumers of seafood. Such toxins and the algae producing them are regularly surveyed in many countries, including Europe, North America, Japan and others. However, very little is known regards the occurrence of such algae and their toxins in most African countries. This paper reports on a survey of phytoplankton and algal toxins in Nigerian coastal waters.
Seawater samples were obtained from four sites for phytoplankton identification, on three occasions between the middle of October 2014 and the end of February 2015 (Bar Beach and Lekki in Lagos State, Port Harcourt in Rivers State and Uyo in Akwa Ibom State). The phytoplankton community was generally dominated by diatoms and cyanobacteria; however several species of dinoflagellates were also identified: Dinophysis caudata, Lingulodinium polyedrum and two benthic species of Prorocentrum.
Passive samplers (containing Diaion® HP-20 resin) were deployed for several 1-week periods on the same four sites to obtain profiles of algal toxins present in the seawater. Quantifiable amounts of okadaic acid (OA) and pectenotoxin 2 (PTX2), as well as traces of dinophysistoxin 1 (DTX1) were detected at several sites. Highest concentrations (60 ng OA g -1 HP-20 resin) were found at Lekki and Bar Beach stations, which also had the highest salinities. Non-targeted analysis using full-scan high resolution mass spectrometry showed that algal metabolites differed from site to site and for different sampling occasions. Screening against a marine natural products database indicated the potential presence of cyanobacterial compounds in the water column, which was also consistent with phytoplankton analysis.
INTRODUCTION
Toxins from marine micro-algae frequently accumulate in seafood, including fish and shellfish, and maximum concentrations for such toxins have therefore been regulated at global and regional levels (DeGrasse and Martinez-Diaz, 2012; Hess, 2012; Lawrence et al., 2011; Suzuki and Watanabe, 2012) .
As fisheries have only limited potential to increasingly contribute to the global food supply, it is expected that any growth in seafood supply will have to come from aquaculture. Therefore, it is important to investigate the potential of coastal areas for seafood production, and also the risks associated with such production. In terms of public health risks, those originating from harmful algal blooms are particularly common in many parts of the world and must therefore be assessed relatively early on in any survey for aquaculture feasibility.
To our knowledge, no algal toxins have been reported in coastal waters of central Western Africa, except one preliminary report on potentially toxic fish in Cameroon (Bienfang et al., 2008) . The southernmost records of algal toxins in Northern Africa are from the Moroccan coastline where an official monitoring program is in place (Abouabdellah et al., 2008; Taleb et al., 2003) . Lipophilic shellfish toxins were shown to accumulate in mussels, cockles, oysters and solen, causing poisoning in the Dakhla region, i.e. the South Atlantic Moroccan coast (Abouabdellah et al., 2011) . Toxins of the okadaic acid (OA) group, i.e. OA and dinophysistoxins (DTXs) and their associated esters were the agents responsible for those shellfish poisoning events, attributable to the presence of several potentially toxic species of Dinophysis. Taleb et al. (2006) also were the first to report the presence of azaspiracids in mussels, in Morocco.
In southern parts of Africa, regular monitoring is in place in South Africa and Namibia. Production of saxitoxin (STX) off the west coast of South Africa has been attributed to Alexandrium catenella (Pitcher and Calder, 2000; Pitcher et al., 2001) . Fawcett et al. (2006) have developed and deployed a bio-optical buoy for monitoring HABs in the southern Benguela Current region off South Africa.
These buoys have proved their efficiency in providing both real-time and time-series data, giving interesting information on the occurrence of Prorocentrum triestinum in the region. The northernmost records of algal toxins in the southern African region are from Angola (Blanco et al., 2010; Vale et al., 2009 ). 
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Water samples (1 L) were obtained for analysis of nutrients at an integrated depth of 10 m to the surface of the ocean, with a lund tube of 2.5 cm diameter. Temperature was measured with a mercuryin-glass thermometer. Dissolved oxygen was measured using a Milwaukee NW 600 probe and salinity
was measured with a Hach™ Salinity/Conductivity probe probe (Hach Company, USA).
Nutrients were analysed according to ASTM (1980) . For the determination of nitrate, brucine sulphanilic acid reagent (1 mL) was added to standard solutions as well as to samples (10 mL). The resultant mixtures were mixed thoroughly and allowed to stand for 15 min. Then 10 mL of H 2 SO 4 solution were carefully added to 10 mL of distilled water and the resulting solution was added to each of the beakers containing the nitrate standard solutions and the water samples, respectively. This was allowed to stand for 20 min in the dark. Similar treatment was performed on the blank solution, using the same protocol except that no brucine sulphanilic reagent was added to it. The absorbance of standards and samples was determined at 410 nm wavelength using a UV/Visible spectrophotometer.
Phosphate was determined using the ascorbic acid method. The programmed method of Hach was used using the Hach spectrophotometer DR2000™ (Hach Company, USA).
Phytoplankton samples were collected by horizontal and vertical tows using a plankton net made from fine bolting silk (10 µm mesh, length: 107 cm and Diameter: 29 cm). Samples were drained into the plankton bucket and preserved with Lugol's iodine in sample bottles. Light microscopy (LM) observations were carried out from 50 µL of fixed net samples deposited on a glass slide, using an Olympus IX70 inverted light microscope equipped with a digital camera DP72 (Olympus, Tokyo, Japan). Cells were photographed, either directly or after isolation with a micropipette, depending on concentration of organisms and particles.
Passive sampler design, handling and extraction
Passive sampling devices (Solid Phase Adsorption Toxin Tracking = SPATT) were prepared using a 68 mm embroidery frame (Singer, Nantes, France). Three grams (3 g) of Diaion® HP-20 polymericresin were placed between two layers of a 30 µm nylon mesh (Mougel, France), and clamped in the embroidery frame to form a thin layer of resin. To activate the HP-20 resin, the passive samplers were soaked for 3 h in methanol, rinsed twice with deionized water to remove methanol residues (Rundberget et al., 2009; Zendong et al., 2014) and directly deployed. Three SPATTs were put in three separate compartments cylinders made of steel, to firmly secure them, and deployed in the sea at 1 m depth for 7 days at each site. After deployment, the SPATTs were retrieved, rinsed with seawater to remove residual biofilm and transported in frozen ice packs to the laboratory. The SPATTs were shipped to the analytical laboratory in France on ice and arrived in good condition. They were then stored in a freezer (-20 °C) until analysis. The HP-20 resin was extracted according to previously M A N U S C R I P T
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published methods, with slight changes (Fux et al., 2008; Zendong et al., 2014) . Briefly, after deployment, the SPATTs were rinsed twice in 500 mL deionized water, transferred into empty polypropylene reservoirs placed on a manifold and eluted dropwise with 24 ml of methanol. The extracts were then evaporated at 45 °C under a gentle nitrogen stream. The dry residue was further reconstituted in 500 µL of 50% methanol, filtered on Nanosep MF centrifugal filters 0.2 µM (Pall) and transferred into HPLC vials for analysis.
Liquid chromatography -mass spectrometry analyses
Three different analytical systems were used: (1) for quantitative targeted analysis of toxins; (2) for untargeted screening of unknowns as well as known toxins; (3) for characterisation and confirmation of toxins. For all three systems, chromatographic separation was achieved after injection of a 3 µL sample volume onto a Phenomenex Kinetex XB-C18 (100 x 2.6 mm; 2.6 µm) column maintained at 40 °C, with a flow rate of 400 µl/min. The binary mobile phase consisted of water (A) and 95%
acetonitrile/water (B), both containing 2 mM ammonium formate and 50 mM formic acid. The elution gradient rose from 5% to 50% of B in 3.6 min, then 100% B was reached by 8.5 min. After 1.5 min of hold time at 100% B, 5% B was reached within 10 s, followed by 5 min re-equilibration of the column at 5% B. The total chromatographic run time was 15 min. To avoid cross contamination of samples, the needle was washed for 10 s in the flush port with 90% MeOH before each injection. On all analytical systems, mass spectrometric acquisitions were carried out separately in positive (ESI + ) and negative (ESI -) ionization modes.
System 1: LC-MS/MS for quantitative analysis
A UFLC-XR Shimadzu liquid chromatography system (Champs-sur-Marne, France) was connected to a hybrid triple quadrupole/linear ion-trap mass spectrometer (API4000-Q-Trap™; AB Sciex) equipped with a TurboIonSprayTM ionization source. For quantitation, the mass spectrometer was operated in MRM mode, scanning two transitions for each toxin. Q1 and Q3 resolutions of the instrument were set at Unit (arbitrary terms). Data were acquired in MRM, in separate chromatographic runs, using positive (ESI + ) and negative (ESI -) ionization modes, respectively with a scan time of 1 s. In ESI + , the following source parameters were used: curtain gas set at 30 psi, ion spray at 5500 V, a turbogas temperature of 450°C, gas 1 and 2 both set at 50 psi, and an entrance potential of 10 V. In ESI -, the curtain gas was set at 20 psi, the ion spray at -4500 V, the turbogas temperature at 550°C, gas 1 and 2 at 40 and 50 psi, respectively, and finally the entrance potential at -13 V. MRM transitions used for each toxin are displayed in Table 2 . Data acquisition was carried out with Analyst 1.6 Software (AB Sciex). (20, 40 and 60 eV) were applied to the precursor ions to generate fragmentation spectrum. All experiments were done with reference mass correction as described above for System 2.
MassHunter Acquisition B05.01 software was used to control the instrument and data were processed with MassHunter B07.00 service pack.
Data processing and statistical analyses
Raw data files obtained on System 2 (section 2.5.2) were processed using the Agilent Molecular 
RESULTS AND DISCUSSION
Physico-chemical measurements
Water temperatures, salinity and nutrient levels in the study area confirm a strong correlation with seasonality (Table 3 ). Salinity ranged from 2 to 20, all areas and periods confounded, which is comparatively low for marine dinoflagellates. The two stations in the North-west of the study area 
Identification of phytoplankton species
Phytoplankton samples were generally dominated by diatoms and cyanobacteria, especially filamentous cyanobacteria. However, several species of marine dinoflagellates were also observed maculosum, P. rhathymum and P. hoffmanianum (An et al., 2010; Hu et al., 1996; Jackson et al., 1993; Morton et al., 1998) , but even a pelagic species of Prorocentrum (P. texanum) has recently been associated with the production of okadaic acid (Henrichs et al., 2013) . Therefore, this observation should be verified to determine the exact species of Prorocentrum. Dinophysis to survive in areas of higher salinity (Delmas et al., 1992) . Dinophysis caudata had also been previously found at Bar Beach and Lekki, sites which at that time had almost oceanic salinity (Ajuzie and Houvenaghel, 2009). As abovementioned, D. caudata had previously been associated with the production of OA and PTX2, and hence the occurrence of these toxins in Nigerian waters can most likely be attributed to this species. The levels of okadaic acid found (ca. 60 ng OA g -1 HP-20 resin)
were of a similar order of magnitude than those found by MacKenzie et al. (2004) in the initial study introducing passive sampling for algal toxins, but comparatively low compared to those reported in a previous study in Ireland (Fux et al., 2009 ). However, the concentrations in mussels (M. edulis) in the
latter study also exceeded the regulatory level ca. 6-fold, and hence the actual contamination levels in shellfish in Nigeria should be verified to evaluate the risk for public health or before establishing commercial aquaculture sites. Interestingly, the levels of PTX2 observed in the present study were similar to those observed in the Irish study (Fux et al., 2009) , which may be attributed to the different causative species in both areas: D. acuminata and D. acuta in Ireland, as compared to D. caudata in Nigeria. Rundberget et al. (2009) had used passive samplers of the same geometry in Norway, and they also found levels of a similar height of order as those in the present study. They also established that SPATTs contained typically three times as much toxin as mussels in a given location, yet occasionally levels in mussels were higher than those in the passive samplers. Since the Irish study did not have the same ratios as those established in the Norwegian study, we anticipate that any correlation between the concentrations observed in passive samplers and a given shellfish species would have to be established locally and verified over time.
The ratio of OA to PTX2 was examined to look for major changes in phytoplankton community structure of OA-producing organisms ( Figure 3b ). As Prorocentrum species have not been found to produce PTX2 but DTX1, a relative increase of OA over PTX2 could be indicative of their increasing importance. The ratio remained relatively constant over the study period indicating that there was either not much change in the population of micro-algae or similar ratios were produced by the organisms present. This is also consistent with the fact that DTX1 was found only in trace amounts at Lekki and Bar Beach, but not found at all in the two other locations. DTX1 has been reported from P.
lima (Pan et al., 1999) and the low concentrations in passive samplers deployed at 1 m below the surface could be related to the dilution effect for these toxins if they had been produced by low density benthic species. However, it has been shown that even toxins from P. lima can accumulate to significant levels in shellfish locally (Lawrence et al., 2000) , and hence care should be taken before discarding benthic organisms as a risk to public health.
At Bar Beach, it appeared that toxin concentrations were higher in November and in February which also coincides with a slight increase in salinity and the dry season, for which upwelling had been previously indicated (Ibe and Ajayi, 1985) . At Port Harcourt and Uyo, concentrations of OA and PTX2 in the passive samplers were ca. 10-fold lower than the maxima observed at Bar Beach and Lekki. This significant difference is understandable from the very low salinities observed at Port Harcourt and Uyo (Table 3) , which are detrimental for most marine dinoflagellates, in particular M A N U S C R I P T
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For confirmatory purposes, System 3 was used to obtain high resolution spectra from toxins quantified using System 1. For instance, the spectra for OA in negative ionisation mode obtained from a standard solution and a sample from Bar Beach were compared, and showed the same major ions characteristic for OA (Figure 4 ). Figure S1 , supplementary information). Therefore, the presence of OA and PTX2
can be considered unequivocal as demonstrated by both low and high resolution tandem mass spectrometry. 
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Interestingly, all four sites gave also different chemical profiles on a single sampling occasion ( Figure   7 ). In this initial untargeted analysis, no identification of compounds was necessary to obtain this trend.
Still, the separation of the sites by PCA is not surprising when considering that the complete set of data for these four sites on a single occasion consisted of 2394 compounds. Amongst those compounds, 1828 occurred only at the two sites of high salinity (Lekki and Bar Beach) and 245 were unique to the sites with low salinity (Uyo and Port Harcourt). This also means that only 321
compounds were common to all four sites during that particular week. This observation also led us to tentatively identify what compounds may occur on the different sites. For this purpose, several samples were also screened against a database derived from the Dictionary of Marine Natural Products (Blunt and Munro, 2008) . When applying stringent criteria (1 ppm mass accuracy, 5000 count abundance threshold) for matching compounds identified in the Nigerian data set by full scan HRMS, several hundred compounds gave tentative hits.
In Table 4 ). In summary, among the database propositions were many compounds that had initially been identified either in tropical sponges, nudibranches or marine or freshwater cyanobacteria (Table 4 ). The fact that cyanobacterial compounds were identified appears coherent with previous identification of cyanobacteria as a problem in Nigerian waters (Odokuma and Isirima, 2007) . These findings also suggest that additional efforts in Nigerian coastal waters should focus on identifying cyanobacterial toxins and source organisms.
Without any pre-selection of compounds on a given site for one sampling occasion (contrarily to the comparative PCA described above), many compounds can be tentatively identified, however, not all are distinctive features of that site -occasion combination. For instance Bar Beach was analysed for identifiable compounds on 08/11/2014 and 170 compounds gave a hit in the Dictionary of Marine Natural Products (Blunt and Munro, 2008) . Interestingly, these compounds tentatively identified in the non-targeted analysis also included for instance okadaic acid already identified in the targeted analysis (Table S1 ). 
CONCLUSION 4
The survey in Nigerian coastal waters confirmed the presence of toxic algae in this area, in particular 5 Dinophysis caudata. For the first time, lipophilic toxins were identified in Nigerian coastal waters. 6
Okadaic acid and pectenotoxin 2 have been quantified in passive samplers deployed for 1-week periods 7 and can most likely be attributed to Dinophysis species, although a partial contribution by Prorocentrum 8 species cannot be excluded. Untargeted analysis using high resolution mass spectrometry also pointed 9 towards the possible accumulation of cyanobacterial metabolites in the passive samplers. Therefore, any 10 further studies investigating the risks for public health from shellfish consumption should examine 11 concentrations of algal as well as cyanobacterial toxins. 12
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